One function of sleep is thought to be the restoration of energy stores in the brain depleted during wakefulness. One such energy store found in mammalian brains is glycogen. Many of the genes involved in glycogen regulation in mammals have also been found in Drosophila melanogaster and rest behavior in Drosophila has recently been shown to have the characteristics of sleep. We therefore examined, in the fly, variation in the glycogen contents of the brain, the whole head and the body throughout the rest/activity cycle and after rest deprivation. Glycogen in the brain varies significantly throughout the day (p ¼ 0.001) and is highest during rest and lowest while flies are active. Glycogen levels in the whole head and body do not show diurnal variation. Brain glycogen drops significantly when flies are rest deprived for 3 h (p ¼ 0.034) but no significant differences are observed after 6 h of rest deprivation. In contrast, glycogen is significantly depleted in the body after both 3 and 6 h of rest deprivation (p < 0.0001 and p < 0.0001, respectively). Glycogen in the fly brain changes in relationship to rest and activity and demonstrates a biphasic response to rest deprivation similar to that observed in mammalian astrocytes in culture.
Cerebral energy consumption is higher in wakefulness than in sleep and particularly low in non-rapid eye movement sleep (Maquet 1995) . Genes involved in cerebral energy production are also up-regulated in wakefulness compared to sleep Mackiewicz et al. 2003) . These observations and others have led to the energy hypothesis of sleep/wake control. Part of this hypothesis is that glycogen is depleted in wakefulness and increases in sleep, with the resulting changes in adenosine serving as a signal for sleep (Benington and Heller 1995) . However, current data in mammalian species do not allow a clear answer to this question. Early studies, in which animals were rapidly dropped into liquid nitrogen to inactivate enzymes, showed diurnal variation (Hutchins and Rogers 1970) in mice and rapid declines in brain glycogen in rats transitioning from sleep to wake (Karnovsky et al. 1983) . Recent studies using high-energy focused microwaves to inactivate enzymes even more rapidly have studied the effects of sleep deprivation; Kong et al. (2002) found that brain glycogen is depleted when durations of sleep deprivation exceed 12 h but not after 6 h. However, Gip et al. (2002) saw glycogen depletion in the cerebellum of neonatal rats after 6 h of sleep deprivation and an increase in glycogen after 12 h of sleep deprivation.
We sought an alternative approach to the question of how brain glycogen changes in relation to sleep/wake and turned our attention to Drosophila. There are major similarities between rest periods in Drosophila and mammalian sleep (Hendricks et al. 2000; Kilduff 2000; Shaw et al. 2000; Greenspan et al. 2001) . A particular advantage of Drosophila for studies of brain glycogen is that rapid inactivation of enzymes is feasible by rapid application of heat to flies without prior disturbance of their ongoing behavior. However, the distribution and amount of glycogen found in the brain of the fly had not been previously determined. The questions we addressed were the following.
(i) What is the distribution and quantity of glycogen present in Drosophila brain?
(ii) Does the level of brain glycogen change in relationship to normal rest/activity across the day, and how does this compare with changes in glycogen in whole body and head?
(iii) How does rest deprivation of 3 h and 6 h during the normal inactive period of the fly effect glycogen levels in brain, and how does this compare to changes in glycogen in the body and head?
To minimize the possible effect of light/dark on changes in brain glycogen, specifically in optic lobes, our studies were done in eyes absent (eya 2 ) flies. This allows not only for control of light/dark, but also minimizes the effect of the large optic lobes in fly brain on our measurements of brain glycogen. In eyes absent flies the optic lobes are atrophic.
Our results indicate that brain glycogen, but not that in the body or head, changes in relationship to rest/activity. The response of brain glycogen to rest deprivation is different to that in the body and head. Initially, rest deprivation depletes brain glycogen but then mechanisms are activated to restore brain glycogen when rest deprivation is prolonged. This response is similar to the biphasic response of glycogen in astrocytes in vitro when wake-active neurotransmitters or adenosine are applied (Sorg and Magistretti 1991) .
Methods

Drosophila stocks and handling
Animals of the eyes absent (eya 2 ) genotype were used for these studies. Stocks were maintained in a 25°C incubator on a 12 : 12 h light : dark (L : D) cycle. Flies were acclimated in groups of 45 for 5-7 days before killing at specific time-points across the 24 h day or following specific periods of rest deprivation.
Behavioral monitoring
Rest activity was measured using the Trikinetics Drosophila activity monitoring system (Trikinetics, Waltham, MA, USA). Virgin females were placed in 60 mm · 2 mm glass tubes containing 150 lL of standard media and sealed with a rayon plug. A single infrared beam located at the center of the tube measured the activity of each animal. Flies were maintained in a 12 h (L : D) cycle at 25°C and were acclimated for 3 days before recording the number of beam breaks. To assess amount of rest, 30-min bins of data were used as determined by Hendricks et al. (2000) . Specifically, a 30-min period with no activity (beam breaks) was considered rest. To calculate the percentage of flies that were considered to be resting for a particular bin, the number of 30-min bins with 0 counts was divided by the total number of 30-min bins across all animals multiplied by 100. The average of all activity counts (including 0 s) in a single 30-min period is considered average activity for a particular 30-min bin.
Diurnal studies
Diurnal data were collected at 3 h intervals for the brain studies throughout the 24 h day (Hours ZT: 0, 3, 6, 9, 12, 15, 18, and 21) . Preliminary studies of the head and body using the same paradigm revealed no changes in glycogen content across the day. Therefore 2 h intervals were used for diurnal studies of heads and bodies (Hours ZT: 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, and 22) .
Rest deprivation
Groups of 45 newly eclosed females were maintained for 5-7 days in 40-mL vials containing standard Drosophila food before deprivation studies. Flies were divided into two experimental groups: control group (CON) and rest-deprived group (RD). The CON groups were left in the incubator until time of kill. The RD groups were removed from the incubator at ZT 12 and the sides of the vials were tapped by hand for 3 or 6 h. Deprivation was done under red light conditions at 25°C to allow visual assessment of the animals' behavior and the need for application of gently tapping on the vial should the flies rest. Control and rest-deprived flies were killed at the same diurnal time. In addition, to control for the effect of forced locomotion, additional groups of flies were stimulated under the same temperature and light conditions for 3 h during a normal active period (ZT 21 to ZT 0). As with the rest-deprivation experiments, a control group of animals that were not stimulated was killed at the same time.
Tissue sampling Flies were killed by rapid immersion in > 95°C water without prior modification to their behavior so as to denature enzymes and prevent post-mortem degradation of glycogen. Animals were then stored at )70°C overnight. Heads and bodies (thorax and abdomen) were separated as described previously (Schmidt-Nielsen et al. 1977 ) and the tissue from 45 flies was pooled for the assay of glycogen. For study of brain glycogen, brains were removed from the head into insect ringers (130 mM NaCl, 4.7 mM KCl, 1.9 mM CaCl 2 ) and cleared of surrounding tissues using forceps under a dissecting microscope (Bausch and Lomb); brain tissue from 100 animals was pooled for one glycogen assay, transferred into 150 lL of 0.1 N NaOH and then stored at )70°C overnight.
Assay for glycogen
Tissue was homogenized in 1 mL, 0.25 mL or 0.15 mL of 0.1 N NaOH (bodies, heads and brain, respectively). The amount of glycogen was measured in 10 lL of homogenate as described with modification (Nahorski and Rogers 1972; Lust et al. 1975) . Endogenous glucose present in the homogenate was removed by a 30 min incubation at 90°C in 0.1 N NaOH (homogenization buffer). Glycogen was hydrolyzed to glucose molecules using the enzyme amyloglucosidase. Amyloglucosidase reactions were incubated at 37°C for 60 min to digest all glycogen in each sample. Glucose-6-phosphate dehydrogenase and hexokinase reactions were performed in FluoroNunc Polysorp plates for 15 min at room temperature and analyzed using a SPECTRAmax Gemini fluorometer. Samples were assayed in replicates of four (brain tissue) or six (heads and bodies). The variable number of glucose moieties found in different glycogen molecules makes determination of glycogen molarity problematic. Therefore, a standard curve of glucose was used to determine the 'glycogen content' of the Drosophila tissues examined and as such all values are reported as lmoles of glucose per mg of protein. For each assay a glucose standard curve was generated in triplicate and known standards of glycogen (2.5 and 5 lg) were also analyzed in triplicate. An additional control for determination of recovery of glycogen from the homogenate was performed by adding a known amount of glycogen (2.5 lg) to 10 lL of homogenate. These controls were done in duplicate (brain tissue) or triplicate (head and body tissues) and only samples with recoveries of 75% or better were used for calculations. In addition to recovery of glycogen, background fluorescence was determined for each sample in duplicate (brain tissue) or triplicate (head and body tissues). Therefore the values obtained for each experiment were determined by the standard glucose curve of that assay using the average of the experimental fluorescence after subtraction of the background. All values obtained for glycogen were normalized to total protein content of each sample. Protein concentration was determined in triplicate using the Pierce Micro BCA Protein Assay Reagent Kit using bovine serum albumin as a standard and following the manufacturer's protocol.
Staining
To assess the presence of glycogen histochemically, flies were cooled to immobility and then transferred to Tissue-Tek O.C.T. embedding medium for sectioning. Sections of 10 lm were made using a HM505E Microm cryostat and stained using a Periodic Acid-Schiff (PAS) stain (McManus 1946; McManus and Mowry 1960) following dimedone treatment (Bulmer 1959) . As a negative control, sections were incubated with the glycolytic enzyme malt diastase for 3 h at 37°C to remove glycogen and then stained using a PAS stain.
Statistical analysis
Analysis of variance (ANOVA) was used to model diurnal activity and the effect of rest deprivation on glycogen. The ANOVA for diurnal activity included a term for the within-subject factors of time (48 activity counts of 30 min length across the 24 h light : dark cycle) and subject (multiple replications consisted of 51 subjects measured for three to four complete diurnal cycles). Bonferonni-adjusted post hoc comparisons were used to determine time(s) of peak relative to the nadir of activity level at time ZT 14. A mixed model ANOVA for the rest-deprivation analysis of head and body included a between-subjects term for Group (Control vs. Rest Deprived) and a term for subject (for multiple replications) for each of the three conditions (3 h RD, 6 h RD, and 3 h active period RD). Due to the significant variation of brain glycogen content over a 24-h period (see Results) two tailed t-tests were used for the analysis of rest deprivation of the brain. All values are reported as mean ± a single standard deviation.
A Pearson correlation analysis was used to assess the relationship between activity and glycogen levels for brain. In order to make the time points comparable between the activity and glycogen assays, subject-specific averages among adjacent time points were computed for the activity measures, and similar time points were imputed for adjacent time points for the glycogen measures. Means were computed for replicate assays, and the average activity or rest score was then computed for each time point, resulting in a set of 15 timeordered pairs of activity and glycogen time points. An overall Pearson correlation (using N ¼ 15) was computed. Because the activity measures were based on longitudinal data (the same 'subject' was measured across time intervals), whereas the glycogen assays were based on 'between-subjects' data, a bootstrapped 95% non-parametric percentile confidence interval (Efron and Tibshirani 1993) was computed. This was done by randomly sampling complete observations (averaged over multiple replications) with replacement from the activity measures, randomly selecting with replacement at each kill time for the glycogen data (again averaging over replications), and recomputing the correlation. This process was repeated 1000 times, and the 2.5th and 97.5th percentile values from this sampling distribution comprised the bounds of the 95% confidence interval.
Results
Female eya 2 flies show two peaks of activity under 12 h L : D conditions
We determined the rest/activity cycle for female Drosophila of the eya 2 strain under 12 h L : D conditions. The total number of beam breaks per 30 min was collected over 3 days for 54 animals. The flies demonstrated greater rest during the lights off period than during the lights on ( p < 0.0001, Fig. 1a ). Maximal rest was observed between ZT 14 to ZT 18. Under our experimental conditions, flies demonstrated two peaks of activity in anticipation of lights off from ZT 8 to ZT 10 and in anticipation of lights on from ZT 22 to ZT 24 (p < 0.0001, Fig. 1b ). This information on the activity cycle was used to determine the time points for the diurnal analysis and the initiation of rest deprivation.
Glycogen is present diffusely in the brain of Drosophila melanogaster
The presence of glycogen in the brain of Drosophila melanogaster was determined by two independent methods. All flies were killed by rapid immersion in > 95°C water to instantly inactivate enzymes that alter glycogen content at time of kill and post-mortem. First, glycogen was measured enzymatically in isolated brains of eya 2 females at ZT 18, i.e. 6 h after lights out, and determined to be 0.139 ± 0.059 lmoles glucose/mg protein. Second, PAS staining of 10 lm cross sections of heads of eya 2 females killed at the ZT 18 was used to assess for the presence of glycogen. There was diffuse glycogen-specific staining throughout the entire brain as seen in Fig. 2 . Additional structures such as the fat body and muscle showed less specific staining for glycogen.
Glycogen content of the brain of Drosophila demonstrates diurnal variation Diurnal variation of the glycogen stores of the brain was measured in eya 2 female flies maintained in 12 h L : D conditions at 25°C (Fig. 3) . Flies were killed as described at 3-h intervals starting from lights on (ZT 0). There was a significant main effect of time on brain glycogen level [F (7, 47.1) ¼ 4.25; p ¼ 0.001); Tukey-Kramer adjusted post hoc comparisons showed that ZT 18 was significantly different from all other time periods except ZT 15 and ZT 3 (p < 0.01) (Fig. 3) .
There was a significant inverse Pearson correlation between activity tests and glycogen level [r ¼ )0.71 (95% CI ¼ )0.81 to )0.51); p < 0.0001]. Brain glycogen content was higher during the dark period, and was highest at the end of the period of maximal rest. In contrast, although not statistically significant the glycogen minimum occurs just after the peak of activity (see Fig. 3 ).
Glycogen content of the head and body does not demonstrate diurnal variation The diurnal variation of glycogen content was examined in entire heads and bodies (thorax and abdomen) of female eya 2 flies (Fig. 4) . Flies were killed at the following time points: ZT 0, ZT 2, ZT 4, ZT 6, ZT 8, ZT 10, ZT 12, ZT 14, ZT 16, ZT 18, ZT 20 and ZT 22. There was no significant effect of diurnal time for either glycogen content of the heads or bodies [F (15, 82 Biphasic response of brain glycogen with increasing rest deprivation The effect of rest deprivation on brain glycogen was determined for deprivation durations of 3 and 6 h. Flies were rest deprived for 3 or 6 h under red light conditions at 25°C beginning at lights off (ZT 12). Deprived animals (RD) were compared to control animals (CON) that were killed at the same time. The CON group was left undisturbed in the incubator for the duration of the deprivation. After 3 h of rest deprivation, there was a significant drop in the brain glycogen levels of RD animals (0.068 ± 0.022 lmoles glucose/mg protein) as compared to CON animals (0.099 ± 0.031 lmoles glucose/mg protein) [t (6) ¼ 2.73; p ¼ 0.034] (see Fig. 5 ). However after 6 h of rest deprivation there was no significant difference observed between RD (0.174 ± 0.058 lmoles glucose/mg protein) and CON (0.152 ± 0.043 lmoles glucose/mg protein) groups [t (5) ¼ 0.87; Glycogen content is highest at ZT 18 following the period of maximal rest and although not statistically significant the average value is lowest at ZT 9 following the peak of activity. The activity data from 5 ). The effect of a similar procedure of rest deprivation during the normal active period of eya 2 females, i.e. ZT 21 to ZT 24, on the content of glycogen in the brain was also determined (Fig. 5) . No significant differences were observed between the stimulated group ('RD') (0.062 ± 0.012 lmoles glucose/mg protein) and undisturbed control groups (CON) (0.066 ± 0.016 lmoles glucose/mg protein) killed at the same time [t (6) ¼ 1.02; p ¼ 0.347] (see Fig. 5 ).
During rest deprivation glycogen is regulated differently in the brain than in the head and body The effect of rest deprivation on the glycogen content of the head and body was determined for 3 and 6 h of deprivation (Fig. 6) . After 3 h of rest deprivation, both heads and bodies showed significant decreases in glycogen [F (1, 193 ) ¼ 150.46; p < 0.0001]. Tukey-Kramer adjusted post hoc comparisons of the glycogen content of the heads of RD animals (0.799 ± 0.301 lmoles glucose/mg protein) demonstrated a significant decrease compared to CON animals (1.303 ± 0.203 lmoles glucose/mg protein; p < 0.0001). Glycogen content of the body also significantly decreased with 3 h of rest deprivation (RD 1.382 ± 0.234 lmoles glucose/mg protein; CON 1.794 ± 0.136 lmoles glucose/mg protein; p < 0.0001).
There were also significant differences in glycogen levels between RD and CON groups after 6 h of rest deprivation in The glycogen levels were significantly less in the RD group than in the CON group in the head (0.759 ± 0.286 and 1.212 ± 0.167 lmoles glucose/mg protein, respectively; p < 0.0001) and body (0.997 ± 0.421 and 1.743 ± 0.325 lmoles glucose/mg protein, respectively; p < 0.0001). Additionally there were significant changes in head and body glycogen when animals were subjected to the same continuous stimulation used for rest deprivation during the active period (ZT 21 to ZT 24) [F (1, 156) ¼ 136.71; p < 0.0001]. Tukey-Kramer adjusted post hoc comparisons of glycogen content showed that stimulated flies ('RD') had significantly less (p < 0.0001) head glycogen (0.985 ± 0.235 lmoles glucose/mg protein) than CON flies (1.324 ± 0.104 lmoles glucose/mg protein) and that body glycogen of the 'RD' group (1.328 ± 0.441 lmoles glucose/mg protein) was also significantly lower (p < 0.0001) than the untreated CON (2.082 ± 0.312 lmoles glucose/mg protein).
Discussion
Our results show that glycogen is present diffusely in the brain of Drosophila melanogaster and that there is a relationship between changes in brain glycogen across the day with the rest/activity pattern. The diurnal changes with glycogen and with rest deprivation are different in the brain than in the whole head or body, indicating specific brain regulatory mechanisms for glycogen.
Drosophila has substantial advantages for study of rest control because of the wide availability and ease of producing mutants for studying rest (sleep) (Hendricks et al. 2001; Shaw et al. 2002) . Additionally, our studies show that the small body size of Drosophila allows us to simply, but rapidly, heat inactivate their enzymes without altering ongoing behavior. Rapid inactivation of enzymes is required to measure glycogen, since it is degraded quickly postmortem (Kong et al. 2002) . Although the technology to monitor the behavior of individual flies was used to measure the activity of eya 2 female flies (see Fig. 1 ), the rapidity of death would be significantly reduced and essentially impractical if such a system was used to monitor behavior of individual flies used in the studies of brain glycogen. Our assays required 100 flies for a single measurement. Thus, it is a population-based assay. As such, we killed populations of flies at fixed diurnal times and following rest deprivation. If there were variation in behavior of individual flies in the population at the time of death, this would have added some variability to our data. However, we are comparing averaged data from measurements of multiple 'populations' with averaged data of behavior derived from a relatively large sample of flies.
Populations of the eya 2 strain were used to minimize the contribution of the processing of visual information to glycogen utilization in the brain. The eya gene is critical to the development of the compound eye in Drosophila, suppressing apoptosis of the retinal progenitor cells during differentiation of the eye disc (Bonini et al. 1993) . Additional phenotypes are observed in other eya alleles: reduced compound eyes, missing ocelli, female sterility and larval lethality (Bonini et al. 1998) . However, the eya 2 allele, a 322 base pair deletion of an upstream regulatory sequence, is specific to the compound eye (Zimmerman et al. 2000) . In addition, due to the absence of the compound eyes, brain structures that depend upon neural input from the retina do not develop (Meinertzhagen and Hanson 1993) . The only phenotype that is associated with the eya 2 allele is the missing compound eyes and affected optic lobe structures. The eya 2 allele arose from a spontaneous mutational event in a wild-type strain (Oregon R) (Bonini et al. 1998; Zimmerman et al. 2000) . These data indicate that our results cannot be explained by the nature of the eyes absent mutation. Clark and Keith (1988) have demonstrated variation in glycogen content among isogenic second chromosome wildtype lines created from individual wild-type females collected at one location. Verrelli and Eanes (2001) have shown a correlation between glycogen content and specific haplotypes of the enzyme phosphoglucomutase, which can bring glucose 6-phosphate into the glycogen synthetic pathway or remove glucose 1-phosphate into glycolysis. Both groups found approximately three-fold differences between low and high glycogen content among these isogenic lines (Clark and Keith 1988; Verrelli and Eanes 2001) . This would indicate that sampling glycogen content from a wild-type population that has not been bred to isogeny would produce a fair amount of variability. Although we did not observe threefold differences in glycogen content at specific time points, the natural genetic variation of the eya 2 parental wild-type strain could explain the variability we observed. We conclude that the background of the strain is wild type and the regulation of glycogen is also wild type.
Currently, however, little is known about glycogen regulation in fly brain. Our data demonstrate the diffuse presence of glycogen in Drosophila in normal brain. We observed glycogen in all areas of the brain we sampled in an evenly distributed but diffuse manner. We do not know, however, the cellular localization of glycogen, although it is likely that this will be in their glial cells (Klämbt et al. 2001) as it is in mammals (Phelps 1972; Koizumi 1974) .
Our studies show a robust diurnal variation of glycogen in Drosophila brain, extending previous diurnal observations of mouse brain glycogen (Hutchins and Rogers 1970) . We show that there is a clear relationship between changes in brain glycogen and rest/activity patterns. This is not part of a general metabolic process, since there were no diurnal changes in glycogen content of the head or body. Our results are compatible with the observations and concept of Swanson (Swanson 1992 ) that there is a link between neuronal activity and glycogen utilization.
Our results thus support one component of the BeningtonHeller hypothesis (Benington and Heller 1995) , i.e. there are changes in glycogen in relationship to rest (sleep) and activity (wake). We cannot say whether this is simply a consequence of alterations in rest/activity or whether there is also a signal for rest promotion embedded in this process. Adenosine likely plays a role in rest promotion in Drosophila, given the profound effect of caffeine in reducing rest (Hendricks et al. 2000; Shaw et al. 2000) .
We also found that short rest deprivation (3 h) led to a decrease in brain glycogen, but with longer durations of deprivation (6 h), glycogen returned to the normal levels. The forced locomotion paradigm used in this study may, in addition to maintaining wakefulness in the fly, lead to stress in the animal. Stress in mammals leads to the release of glucocorticoids, which lead to mobilization of stored energy (reviewed in Habib et al. 2001) . In Drosophila there is no known equivalent of the hypothalamic-pituitary-adrenal axis and very little is known of glucocorticoids. We performed the forced locomotion paradigm on flies during a period when they were normally active (ZT 21 to ZT 24) as a measure of stress produced by this experimental procedure. Glycogen content of the brain was not altered when stimulation was performed during the active period. Our results cannot simply be explained by stress. This biphasic response to brain glycogen with rest deprivation is different from the changes we observed in the body and head, where progressive rest deprivation led to progressive declines in glycogen. Moreover, stimulation during the active period also led to depletion of glycogen in the body and head.
The amount of activity of flies undergoing the forced locomotion paradigm was determined for populations of wild-type flies (n ¼ 50) and compared to their undisturbed activity. The intensity of activity during the forced locomotion paradigm produced by gentle tapping on the side of the vial has been found to be significantly greater for the first 90 min of rest deprivation compared to the first 90 min of the normal active period of undisturbed flies. This increased activity could account for the decrease in glycogen observed in the whole head and body of eya 2 flies stimulated during the active period for 3 h. These data on head and body suggest forced locomotion progressively depletes body stores of glycogen.
Although our data do not allow us to infer mechanisms for the biphasic response to rest deprivation in brain glycogen, a similar response occurs in astrocytes in vitro when wakeactive neurotransmitters, such as noradrenaline, are applied (Sorg and Magistretti 1992) . The same response is also observed when adenosine is applied to primary mouse cerebral astrocyte cultures (Allaman et al. 2003) . Glycogen content decreases markedly within minutes, but hours later the glycogen level substantially increases over baseline, peaking at 8 h, and is followed by a reduction back to baseline by 48 h 9 (Sorg and Magistretti 1992) . The mechanisms for the glycogenolytic effect and resynthesis of glycogen observed after application of wake-active neurotransmitters are the same for the application of adenosine (Allaman et al. 2003) . The initial reduction in glycogen is thought to reflect the effect of activation of the glycogen phosphorylase (GP), the glycogen degradative enzyme (reviewed in Dombrádi 1981) , by cAMP-dependent phosphorylation (Sorg and Magistretti 1991; Allaman et al. 2003) . The later increase in glycogen is the result of an increase of both glycogen synthase (GS) (Pellegri et al. 1996) , the enzyme which adds glycosyl residues to glycogen (reviewed in Srivastava and Pandey 1998) , and protein targeting to glycogen (PTG) mRNA (Allaman et al. 2000) . Increases in PTG lead to increased efficiency of GS (Berman et al. 1998) . Recently, following 6 h of sleep deprivation in mice, changes in mRNA for PTG as well as increases in GS activity have been reported (Petit et al. 2002) . Whether similar changes occur in Drosophila and explain the biphasic response we observed is currently unknown and will be the subject of future studies.
Our results can be compared to observations of changes in brain glycogen with sleep/wake and sleep deprivation in mammals. Early studies rapidly inactivated enzymes by suddenly dropping the animal into liquid nitrogen (Hutchins and Rogers 1970; Karnovsky et al. 1983) . This technique had the advantage that the behavior of the animal was preserved until the moment of death. These studies showed diurnal variation of glycogen content in mouse brain with the lowest level being early in the dark period, i.e. at the time of maximal wakefulness (Hutchins and Rogers 1970) . Karnovsky et al. (1983) using this approach also showed that within minutes of waking up from sleep there is reduction in brain glycogen. This is compatible with rapid activation of GP, as a result of phosphorylation due to wake-active neurotransmitters. Our results are compatible with these earlier observations.
Recently, studies of brain glycogen have been done using focused microwave to kill animals and to inactivate enzymes more rapidly (Franken et al. 2001; Gip et al. 2002; Kong et al. 2002) . This has the advantage of more rapid and complete enzyme inactivation (Delaney and Geiger 1996; Kong et al. 2002) . Using this approach, Kong et al. (2002) found reductions in brain glycogen with 12 and 24 h of sleep deprivation but not with 6 h. This is compatible with our data; we also saw no difference with 6 h of rest deprivation. In contrast, Gip et al. (2002) observed a decrease in cerebellar glycogen, but not cortex, in young rats (3 weeks of age) with 6 h of sleep deprivation, albeit with a less powerful microwave than Kong et al. (2002) . In older rats (2 months of age), Gip et al. (2002) found an increase in glycogen in cortex with 12 h of deprivation. The basis for the discrepancy of these two studies is unclear, although there are questions about the effectiveness of a less powerful microwave.
In conclusion, we have found that glycogen is present diffusely in Drosophila brain and the glycogen content changes in relation to rest and activity. The changes in brain glycogen with rest deprivation are complex and regulation of glycogen in the brain of Drosophila is distinct from other glycogen stores in the body. Future studies need to address how brain glycogen is regulated in relationship to rest, activity and rest deprivation, and whether changes in glycogen play a role in the signal for rest and rest recovery.
